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Abstract. We present studies of X-ray emission from aluminium under picosecond and femtosecond irradi-
ation in the intensity range  1012{1015 W cm−2. We use a new and simple method to measure spectrally
resolved absolute X-ray yields. It is shown that the X-ray yields can be obtained for arbitrary levels of
X-ray flux. We present details of the variation of the absolute yields as a function of wavelength, intensity,
polarization and pulse duration of the incident laser radiation. Electron temperatures in the keV range are
observed at 1015 W cm−2 with femtosecond laser pulses.
PACS. 52.25.Nr Emission, absorption, and scattering of X and γ-radiation { 52.40.Nk Laser-plasma
interactions (e.g., anomalous absorption, backscattering, magnetic eld generation,
fast particle generation) { 52.50.Jm Plasma production and heating by laser beams
1 Introduction
There is currently tremendous interest in the study of co-
herent and incoherent emission in the vacuum ultraviolet
(VUV) and X-ray regions induced by intense, ultrashort
laser pulses [1{3]. Some of the exciting aspects that have
so far been studied in ultrashort laser produced plasmas
include the high charge densities, keV{MeV electron tem-
peratures, possibility of producing giga-gauss magnetic
elds and non-Maxwellian particle distributions, charac-
teristic of matter subjected to extreme levels of excitation.
X-ray emission has been a crucial experimental probe in
the study of such plasmas.
Apart from the interest in the fundamental aspects of
laser-matter interaction relevant to such intense excita-
tion, the potential for making practical ultrashort pulsed
light sources in these spectral regions [4] makes such stud-
ies attractive from the point of view of applications in
chemical and biological dynamics [5,6], X-ray lasers [7]
and so on. X-ray emission is a very useful diagnostic of
the plasma properties that complements other methods
which measure the characteristics of charged particle or
optical emission from such plasmas. The dependence of
the X-ray emission on the characteristics of the exciting
laser can be used to understand the coupling of the input
laser light to the plasma as well as its relaxation dynamics
[1,5,8{10]. Since there are many channels available both
in the excitation and relaxation processes, it is essential
to determine the contribution of each channel and under-
stand the competition among them [11]. It is thus very
important to get a reliable measure of the absolute yields
a e-mail: grk@tifr.res.in
of the emitted X-rays. The standard methods of measuring
X-ray yields [12{18] however, involve a number of steps
each of which can contribute its own errors to the nal
estimates. We use a recently proposed technique [19] to
measure the absolute X-ray yields and use them to under-
stand the behaviour of aluminium plasma produced with
intense picosecond and femtosecond radiation. Our exper-
imental method enables us to obtain spectrally resolved
X-ray yields as a function of the incident wavelength, in-
tensity, pulse duration and light polarization. Consider-
able eciency for X-ray emission at intensities as low as
1013 W cm−2 is observed in our studies. The physics gov-
erning the X-ray emission process is examined.
2 Experimental details
2.1 Laser systems
The experimental set up used is shown in Figure 1. Ra-
diation from a picosecond Nd-YAG and a femtosecond
Ti-sapphire lasers incident on high purity metal targets
have been used to produce high density plasmas in our
experiments. The picosecond pulses were provided by a
hybrid mode locked Nd-YAG laser that emits 35 ps pulses
at 1064 nm, 532 nm and 355 nm at a repetition rate of
10 Hz. The maximum pulse energy at 1064 nm is 70 mJ.
The femtosecond light pulses were obtained from a cus-
tom built chirped pulse amplication (CPA) Ti-sapphire
laser system, consisting of two amplication stages. It pro-
duces a maximum of 50 mJ/pulse at 806 nm with a pulse
duration of 100 fs and repetition rate of 10 Hz. For the
present experiments, the maximum was pegged at 20 mJ.
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Fig. 1. Experimental setup used. POL: polarizer, QWP: quar-
ter waveplate (optional), BS: beam splitter, PD: photodiode
and MCA: multichannel analyser.
Two kinds of polarization were used in the experiment {
linear (S) polarization and circular polarization. A high
quality polarizer was inserted in the beam before focusing
to ensure s-polarization. For experiments which needed
circular polarization, a thin quarter wave plate was intro-
duced after the polarizer. The laser pulses were focussed
onto a metal target using biconvex lenses of dierent focal
lengths f = 10, 15 and 20 cm. The focussed spot diameter
was measured by the scanning knife edge method. Typi-
cally the value of the spot size at the focus is 20 m for
f = 10 cm and 25 m for f = 20 cm at 1064 nm. The
target was mounted in a chamber evacuated to 10−3 torr.
The solid target, in the form of a disc was continuously ro-
tated and translated using a stepper motor drive to ensure
the exposure of fresh target regions to laser light.
2.2 X-ray detection
Our method uses a simple solid state detector, well-known
for its reasonably good resolution and high eciency,
and extensively used in experimental nuclear and atomic
physics. In the latter experiments, the flux of emitted
X-rays is small and the detection process is relatively un-
complicated since in each event at most one X-ray pho-
ton is detected. Ultrashort laser produced plasmas, how-
ever, emit large fluxes of radiation which are temporally
short. As such the detector would see very short \bursts"
of X-ray photons. Since the detector is energy sensitive,
the output pulse height would be proportional to the to-
tal energy deposited. Special care therefore needs to be
taken to correctly estimate the yield when such detectors
are used. We will show that this is relatively easy and one
obtains reliable measures of the absolute X-ray yield in a
simple fashion.
The X-ray emission from the plasma was measured
by a liquid nitrogen cooled (77 K) Si(Li) detector (Can-
berra) having a  25 m beryllium window. The out-
put was amplied and recorded on a multichannel anal-
yser using an ADC unit. The pulse height was calibrated
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Fig. 2. X-ray spectra from Aluminium with 532 nm, 35 ps
pulses at 2:41013 W cm−2. The laser light is linearly polarized
(s-polarization).
using standard radioactive sources. The detector has a
range of 1{20 keV [20] and a resolution of 160 eV at
1.6 keV. The X-ray emission was detected through an
equally thick mylar window on the vacuum chamber. Spec-
tra were collected typically over 20 000{30000 laser shots.
The shortest target-detector distance was 4 cm and the
detector surface area was 0.3 cm−2 giving a maximum
solid angle of 0.02 sr for the collection. The detector was
placed along the plasma plume direction (normal to the
target surface). The target was mounted at an angle of
45 with respect to the input laser beam. The X-ray yield
was corrected for the eciency of the detector, absorption
in the beryllium and mylar windows and the size of the
solid angle sampled in the experiment. The last was done
assuming an isotropic distribution and thus the measured
yields were multiplied by 2. Unlike in other measure-
ments where the X-ray flux arriving at the detector must
be below some limit so as to ensure correct measurement
of the incident flux, our scheme suers from no such re-
strictions and can handle arbitrarily large X-ray fluxes.
3 Results and discussion
3.1 Picosecond laser excitation
Figure 2 shows a typical spectrum obtained from alu-
minium under irradiation by a 532 nm, 2:41013 W cm−2,
s-polarized laser eld. The spectrum consists of a series of
peaks, with the rst peak occurring at  1.6 keV, a value
which can be understood as the characteristic K-X-ray
from highly charged Al ions (the normal K-X-ray, which
is due to a single vacancy, is at 1.5 keV). The other peaks
occur at energies which are integral multiples of the energy
of the rst peak. The highest peak which could be clearly
resolved occurs at 14.4 keV, corresponding to 9 times the
energy of the rst peak.
Examination of such spectra taken over many runs
and under dierent incident light eld parameters revealed
that the multiple peak structure was a consequence of the
simultaneous arrival of more than one photon at the de-
tector in a time short compared to the temporal resolution
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Fig. 3. Fits to the data in Figure 2 assuming the plasma to
be a thermal source. The histograms represent areas under the
curve after appropriate corrections as mentioned in the text.
The solid curve is based on thermal statistics with N = 6:7.
of the detector. This is a peculiar aspect of such energy
sensitive detectors for experiments where many photons,
each possessing the same energy, can arrive simultaneously
at the detector. Care must, therefore, be exercised in es-
timating the total yields of X-rays measured using such
a detection system. To explain further, after excitation of
the solid target by a particular laser shot, two or more
X-ray photons may simultaneously arrive at the detec-
tor [19,21]. Such bursts are common from high luminosity
sources like laser produced plasmas, but unlikely to be en-
countered in a typical ion-atom or electron-atom collision
experiment where the X-ray production is not so copious.
The duration of the emitted X-ray pulse in our case is
expected to be of the order of the input pulse duration
(1{102 ps) [1,22], which is a small fraction of the detec-
tor response time (typically ns-s, see [23]). The detector
perceives \p" such closely timed photons as if they were
one photon of \p" times the energy, resulting in a peak
at \p" times the basic X-ray photon energy [19,21]. The
total X-ray yield is obtained by integrating the area under
each peak and adding up these areas after multiplying by
the appropriate number (2 for the second peak, 3 for the
third peak and so on).
Since the characteristic X-rays produced from a laser
produced plasma are expected to be incoherent we have
tted the experimentally obtained spectra to the Bose-
Einstein distribution [24]
P (n) =
1
(1 +N)
"
N
(N + 1)
#n
: (1)
The parameter N is the average photon number given by
(1=e−h=kT −1). Experimentally this quantity depends on
the source strength.
Using the above equation, we analyse the data shown
in Figure 2. The gure shows that the data are well t-
ted by Bose-Einstein statistics. It turns out that the best
t is obtained for N = 6:7 (see Fig. 3). We have ob-
tained consistent ts to dierent sets of data using the
above distribution. Once the ts are obtained, we can cal-
culate the total X-ray yield. We have obtained ts to data
for dierent laser parameters which corresponds to dier-
ent X-ray luminosity and nd that good ts are obtained
for almost all sets of data. We have also noticed that un-
der low luminosity the higher peaks vanish, as expected.
It is to be noted that this procedure is very simple for the
case of a single emission line. In the case of a continuous
distribution like Bremsstrahlung, the treatment becomes
more complicated.
The above tting procedure also helps in identifying
the proper spectral features. For example, if a \true" peak
is present at a higher energy, where there is a higher or-
der contribution from a lower energy peak, the correct
strength of the \true" peak can be ascertained by sub-
tracting the contribution of the lower energy peak from
the total. It is in the estimate of the higher order con-
tribution that the statistics assume signicance. It is to
be noted that, the distribution allows us to estimate the
higher order contributions that are buried in noise. We
can even get an idea of the number of peaks that we re-
ally need to consider in order to get a good signal to noise
ratio and estimate the errors associated with the contri-
butions we ignore.
As an example, let us consider Figure 3 again and es-
timate the error associated with a measurement when ne-
glecting dierent higher energy peaks. These values turn
out to be 10% for neglecting n = 6 and above, 20% for
neglecting n = 5 and above, 30% for neglecting n = 4 and
above and so on. We thus get a reliable estimate of the
errors involved in measuring the absolute yields, particu-
larly when the higher energy peaks are barely above the
noise/background level in the detector.
We wish to emphasize the simplicity and versatility
of our detection scheme in contrast to the usual methods
of measuring X-ray yields [12{18]. The usual methods in-
volve a dispersive element (grating or crystal) followed by
a detector (X-ray lm/electronic); the latter either works
in particle counting mode or in current integration mode.
The losses in the dispersive elements have to be carefully
estimated before the yields can be estimated; besides these
losses (grating reflectivites, input/output slit transmis-
sion) are themselves a function of time and could change
for dierent experimental runs. The energy range of dis-
persive elements is usually small (to ensure high spectral
resolution) and dierent gratings/crystals are needed for
dierent spectral regions. Moreover, detectors working in
the particle counting mode can, at the most, sense one
X-ray photon per detection event. The fluxes thus have to
be kept at a low level by attenuating lters before the de-
tector { these lters again have to be calibrated properly.
In the case of photographic lm its calibration has to be
done carefully to obtain the absolute yield. There are con-
ventional methods which eliminate the dispersive element
(like p-i-n diodes, dosimeters) but they give only spectrally
integrated yields. In contrast, our detection scheme gives
(a) spectral information, (b) does not restrict the X-ray
flux entering the detector (c) has only a single stage and
most importantly (d) measures the absolute yield with
near unit eciency.
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Fig. 4. Left: X-ray spectra from Alu-
minium with 532 nm, 35 ps pulses at
2:9  1013 W cm−2. The laser light is
circularly polarized. Right: yields with a
t based on Bose-Einstein statistics with
N = 3:5.
Let us now move on to discuss the observations of
X-ray yield as a function of dierent laser parameters.
Figure 4 presents data on the X-ray yield for a cir-
cularly polarised laser light at 532 nm at an intensity
of 2:9  1013 W cm−2. The raw spectrum shows seven
discernible peaks, in contrast to nine that appear in the
case of s-polarised laser light (Fig. 2). The smaller num-
ber of peaks in itself indicates less X-ray flux, as per the
discussion above. The t based on Bose-Einstein statistics
clearly establishes that it is so, with a value of N = 3:5
(compare Fig. 4, for which N = 6:7). The yield thus de-
creases when the polarization is circular. The total K-X-
ray yield for the linearly polarized case is 1:3  105 over
 65 000 laser shots, giving a yield of  2.0 K-X-ray pho-
tons per shot. The corresponding gure for the circularly
polarized case is 1.6. Note that since the counts have been
obtained over a very large number of shots, the statistical
error is negligible in the X-ray yield per laser shot. It is
clear that even though the circularly polarized light inten-
sity is marginally stronger than the corresponding value
for linearly polarized light, the X-ray yields are consider-
ably lower. This observation is in contrast to other recent
reports (although those experiments used a gas target)
that circular (elliptical) polarization enhanced the X-ray
yield at intensities of 1015 W cm−2[25]. These observations
were explained on the basis of a higher plasma density
caused by higher kinetic energies of the ionized electrons in
the tunneling regime. We can oer a tentative conjecture
to explain our observations of decreased yield. It is known
that circular polarization is less eective in causing mul-
tiphoton ionization at moderately intense elds like those
used in our experiment at 532 nm [26]. We can thus assume
that the plasma that is formed in the circularly polarized
eld is less dense than that in the linearly polarised eld.
The lower densities give rise to decreased X-ray emission.
It is also possible that the reflectivity of the plasma in
the two cases may have a role to play in the coupling of
the light into the plasma. The reabsorption of the emitted
X-rays could also be dierent in the two cases. These need
to be investigated further.
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Fig. 5. Variation of absolute X-ray yields with laser intensity
for dierent wavelengths and polarizations. The laser light is
s-polarized
It is also interesting to note that the X-ray spectra,
even under the present resolution (which is of the order of
102 eV at best) can still give information about the charge
states present. In the linear polarization case at 532 nm
(Fig. 2), the K-X-ray peak occurs at 1.68 keV. The X-ray
peak for an ion with a single vacancy in the K-shell is ex-
pected at 1.50 keV. The \blue" shift of 0.18 keV is due to
the high ionization state of aluminium ions emitting the
X-ray. This corresponds to a most probable charge states
of Al11+;12+ [27]. Similar charge states are also created by
circularly polarized case at 532 nm. The dependence of
charge states on a wavelength, intensity and pulse dura-
tion will be discussed a little later.
Figure 5 presents the K-X-ray yield from aluminium
as a function of intensity for dierent laser wavelengths.
The laser radiation in all the cases is s-polarized. We no-
tice that except at 355 nm where detailed data were not
obtained, the eciency for conversion into the K-X-ray
decreases as a function of the input energy. The conver-
sion eciency is dened as the ratio of the total X-ray
energy yield to the input laser pulse energy per laser shot.
The maximum eciency for conversion into the K-X-ray
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Fig. 6. X-ray spectrum from aluminium with 806 nm, 1 ps,
s-polarized pulses. I = 1:0  1015 W cm−2. The solid line is
a t to the Bremsstrahlung component with a temperature of
3.2 keV.
of aluminium was found at 532 nm for linearly polarised
light and it turned out to be 3:4 10−9. Note that this is
just the conversion into the K-X-ray channel. The decrease
in the eciency can be attributed to increased reflection
and inecient coupling of the laser energy into the plasma
at high intensities.
3.2 Femtosecond laser excitation
Figure 6 shows the data obtained with 1 ps s-polarized
laser pulse excitation at 806 nm (the femtosecond laser
was operated at 1 ps for this part of the experiments).
The excitation intensity here is one to two orders of mag-
nitude larger than those derived from the Nd-YAG laser.
An obvious dierence between the spectrum in this gure
and those obtained with picosecond excitation (Figs. 2
and 4) is the appearance of a background that peaks at
zero and decays at higher X-ray energies. The character-
istic K-X-ray emission peaks are superposed on this back-
ground. The background is due to Bremsstrahlung radi-
ation emitted by the plasma. An exponential t (solid
curve in Fig. 6) to the data gives an electron temper-
ature of 3.2 keV. The Bremsstrahlung yield integrated
over the entire spectral range corresponds to a value of
0.3 counts per laser shot, indicating that pile-up eects
in the Bremsstrahlung component of the spectrum are in-
signicant and hence a reliable estimate of the electron
temperature can be made.
We can subtract the Bremsstrahlung contribution from
the overall signal and obtain the signal due to the charac-
teristic K-X-ray. We have tted the Bose-Einstein statis-
tics with N = 0:8 to the characteristic K-X-ray part of the
spectrum (Fig. 7). The t obtained is quite satisfactory
and demonstrates that it is possible to estimate absolute
characteristic X-ray yields even in the presence of other
overlapping emission signals. From the spectra at dier-
ent intensities, we also know that Bremsstrahlung contri-
bution increases and the characteristic X-ray emission de-
creases as the laser intensity goes up. Figure 8 shows the
emission at the marginally higher intensity for a 100 fs
pulse at the same wavelength. This gure clearly indicates
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Fig. 7. Photon statistics analysis of the K-X-ray yield of alu-
minium for the data in the previous gure.
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Fig. 8. X-ray emission spectrum from aluminium with 806 nm,
100 fs, s-polarized pulses at an intensity of 1:51015 W cm−2.
The solid curve is a Bremsstrahlung t with an electron tem-
perature of 6.9 keV.
the dominant role of Bremsstrahlung at the higher inten-
sity; the characteristic K-X-ray emission is almost masked
by Bremsstrahlung. The higher electron temperature here
can be understood to be due to more ecient excitation
by the shorter pulse [15].
An aspect that needs to be investigated further is the
estimation of absolute Bremsstrahlung spectrum using the
Si(Li) detector for the purpose of measuring the electron
temperature. The complication here is that there is no
characteristic line energy whose multiples can be taken to
indicate the arrival of multiple photons at the detector.
We are working on a method to apply the statistics to
such a continuous spectrum.
The X-ray spectra also contain information on the
charge state distribution of the aluminium ions in the
plasma as has been discussed previously. As we discussed
above, the energy of the emitted X-ray is blue shifted {
the magnitude of the shift depends on the most probable
charge state, higher charge states producing larger shifts.
Figure 9 shows the peak position of the K-X-ray as func-
tion of various laser parameters. For lower intensities and
longer pulses the blue shift is about 160 eV which is con-
sistent with the most probable charge state being Al11+.
At higher intensities and with shorter pulses the shift
increases to 200 eV. For the shortest pulses (100 fs) and
highest intensities accessed in our experiment the shift
300 The European Physical Journal D
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Fig. 9. Peak position of the characteristic K-X-ray emission
as a function of various laser parameters with s-polarized ex-
citation. Note the larger blue shift for higher intensities and
shorter pulses.
is greater than 300 eV corresponding to a most proba-
ble charge state of Al12+. It is of interest to note that
for similar intensities the shift is larger for temporally
shorter pulses. A larger blue shift is accompanied by a
corresponding increase in the electron temperature form
3.2 to 6.9 keV when the pulse duration decreases from 1 ps
to 100 fs. These observations are consistent with the fact
that ionization is more ecient with shorter pulses.
In conclusion, we have measured absolute X-ray yields
from aluminium irradiated by picosecond and femtosec-
ond laser pulses with peak intensities in the range
1014−1016 W cm−2. We have pointed out the role of pho-
ton statistics in the interpretation of the data and demon-
strated a simple and easy method that enables a quick
measurement of yields. We have discussed the depen-
dence of the absolute X-ray yield on the laser polariza-
tion, wavelength, intensity and pulse duration. We observe
suppression of characteristic X-ray emission with circu-
lar polarization of the laser input. We have observed keV
electron temperatures with 100 fs pulses at 1015 W cm−2
and charge states as large as Al12+. The relative ease with
which absolute yields can be measured by our method
should help in attaining a better understanding the ex-
citation and relaxation mechanisms in laser produced
plasmas.
The TIFR high energy, femtosecond laser facility has been set
up with substantial funding from the Department of Science
and Technology, Government of India. We thank Amal K. Saha
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